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Table S1. MALDI-MS of 2’-N-(pyren-1-yl)methyl-2’-amino-α-L-LNA ON3-ON16.a 




ON3 5’-d(GGX ATA TAT AGG C) 4255 4255 
ON4 5’-d(GGT AXA TAT AGG C) 4251 4255 
ON5 5’-d(GGT ATA XAT AGG C) 4252 4255 
ON6 5’-d(GGT ATA TAX AGG C) 4252 4255 
ON7 3’-d(CCA XAT ATA TCC G) 4135 4135 
ON8 3’-d(CCA TAX ATA TCC G) 4132 4135 
ON9 3’-d(CCA TAT AXA TCC G) 4132 4135 
ON10 3’-d(CCA TAT ATA XCC G) 4132 4135 
ON11 5’-d(GGX AXA TAT AGG C) 4493 4496 
ON12 5’-d(GGX ATA XAT AGG C) 4496 4496 
ON13 5’-d(GGX ATA TAX AGG C) 4496 4496 
ON14 3’-d(CCA XAX ATA TCC G) 4377 4376 
ON15 3’-d(CCA XAT AXA TCC G) 4375 4376 
ON16 3’-d(CCA XAT ATA XCC G) 4375 4376 
a For protocols of preparation and purification of 2’-N-(pyren-1-yl)methyl-2’-amino-α-L-LNA see ref S1. For the 
structure of 2’-N-(pyren-1-yl)methyl-2’-amino-α-L-LNA monomer X, see Fig. 1.  
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Figure S1. Representative thermal denaturation profiles. Upper panel: reference DNA duplex 
ON1:ON2, Invader LNA probe ON4:ON8 and duplexes between 2’-N-(pyren-1-yl)methyl-2’-
amino-α-L-LNA and complementary DNA ON4:ON2 and ON1:ON8 in medium salt conditions; 
Lower panel: DNA duplex ON1:ON2, Invader LNA probe ON11:ON14 and duplexes between 2’-
N-(pyren-1-yl)methyl-2’-amino-α-L-LNA and complementary DNA ON11:ON2 and ON1:ON14 in 
high salt conditions.    
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Table S2. Hybridization data for ON3-ON16 vs complementary DNA at different ionic strengths.a 
 
    Tm [ΔTm] 
(ºC) 
 ΔG293 [ΔΔG293] 
(kJ/mol) 




5’-d(GGT ATA TAT AGG C)     
3’-d(CCA  TAT ATA TCC G) 




5’-d(GGX ATA TAT AGG C) 














5’-d(GGT AXA TAT AGG C) 
















5’-d(GGT ATA XAT AGG C) 
















5’-d(GGT ATA TAX AGG C) 
















5’-d(GGT ATA TAT AGG C) 
















5’-d(GGT ATA TAT AGG C) 
















5’-d(GGT ATA TAT AGG C) 
















5’-d(GGT ATA TAT AGG C) 
















5’-d(GGX AXA TAT AGG C) 
















5’-d(GGX ATA XAT AGG C) 
















5’-d(GGX ATA TAX AGG C) 
















5’-d(GGT ATA TAT AGG C) 
















5’-d(GGT ATA TAT AGG C) 
















5’-d(GGT ATA TAT AGG C) 













a Tm-values (ΔTm = change in Tm-value relative to ON1:ON2) and Gibbs free energy of duplex formation at 293 K, 
ΔG293, determined by baseline fitting of the optical melting curve (A260 vs T) recorded in low, medium or high salt 
buffer using 1.0 uM of each strands. All buffers are pH 7.0 (adjusted with NaH2PO4/Na2HPO4) and contain [Na+] = 
10/110/710 mM and [Cl-] = 0/100/700 mM, respectively, for low/medium/high salt buffers. Values listed on a minimum 
of two measurements. ΔΔG293 = difference in Gibbs free energy of duplex formation relative to reference duplex 
ON1:ON2. For structure of monomer X, see Fig. 1. nd = not determined; b Based on single measurement only. 
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Table S3. Enthalpy and entropy of formation for duplexes between ON3-ON16 and 
complementary DNA at different ionic strengths.a 
 
    ΔH [ΔΔH] 
(kJ/mol) 
 (T293ΔS) [Δ(T293ΔS)] 
(kJ/mol) 




5’-d(GGT ATA TAT AGG C)   
3’-d(CCA  TAT ATA TCC G) 




5’-d(GGX ATA TAT AGG C) 
3’-d(CCA  TAT ATA TCC G) 











5’-d(GGT AXA TAT AGG C) 
















5’-d(GGT ATA XAT AGG C) 
















5’-d(GGT ATA TAX AGG C) 
















5’-d(GGT ATA TAT AGG C) 
















5’-d(GGT ATA TAT AGG C) 
















5’-d(GGT ATA TAT AGG C) 
















5’-d(GGT ATA TAT AGG C) 
















5’-d(GGX AXA TAT AGG C) 
















5’-d(GGX ATA XAT AGG C) 
















5’-d(GGX ATA TAX AGG C) 
















5’-d(GGT ATA TAT AGG C) 
















5’-d(GGT ATA TAT AGG C) 
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5’-d(GGT ATA TAT AGG C) 














a The thermodynamic parameters were extracted as described in Table S2. The relative changes (ΔΔH and 
Δ(T293ΔS)) are calculated relative to ON1:ON2; b Determined based upon single measurement. 
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Table S4. Hybridization data for Invader LNA at different ionic strengths.a 
 
    Tm[Δ Tm] 
(ºC) 
 ΔG293 [ΔΔG293] 
(kJ/mol) 




5’-d(GGX ATA TAT AGG C)   
3’-d(CCA XAT ATA TCC G) 











5’-d(GGT AXA TAT AGG C)   
















5’-d(GGT ATA XAT AGG C)   
















5’-d(GGT ATA TAX AGG C)    














5’-d(GGX AXA TAT AGG C)   
















5’-d(GGX ATA XAT AGG C)   
















5’-d(GGX ATA TAX AGG C)   













a For conditions see Table S2. nt = no transition. nd = not determined. The “interstrand zipper arrangement” 
nomenclature is used herein to describe the relative arrangement between two X monomers positioned on opposing 
strands in a duplex. The number ‘n’ describes the distance measured in number of base pairs and is positive if an X 
monomer is shifted toward the 5’-side of its own strand relative to a second reference X monomer on the other 
strand. Conversely, n is negative if an X monomer is shifted toward the 3’-side of its own strand relative to a second 
reference X monomer on the other strand. Hence, the two X monomers in 5’-d(GGT AXA TAT AGG C):3’-d(CCA TAX 
ATA TCC G) (ON4:ON8) are in an “+1 interstrand zipper arrangement”, while in a “-1 zipper” in 5’-d(GGT AXA TAT 
AGG C):3’-d(CCA XAT ATA TCC G) (ON4:ON7). 
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Table S5. Entropy and enthalpy data for Invader LNA at different ionic strengths.a 
    ΔH [ΔΔH] 
(kJ/mol) 
 (T293ΔS) [Δ(T293ΔS)] 
(kJ/mol) 




5’-d(GGX ATA TAT AGG C)   
3’-d(CCA XAT ATA TCC G) 











5’-d(GGT AXA TAT AGG C)   
















5’-d(GGT ATA XAT AGG C)   
















5’-d(GGT ATA TAX AGG C)    
3’-d(CCA TAT ATA XCC G) 













5’-d(GGX AXA TAT AGG C)   
















5’-d(GGX ATA XAT AGG C)   
















5’-d(GGX ATA TAX AGG C)   













a The thermodynamic parameters were extracted as described in Table S2. The relative changes (ΔΔH and 
Δ(T293ΔS)) are calculated relative to ON1:ON2.   
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Table S6. Calculated free energy, ΔG , for recognition of dsDNA target ON1:ON2 by 
Invader LNA probes at 293 K and different ionic strengths. 
 
     (kJ/mol) 




5’-d(GGX ATA TAT AGG C)   
3’-d(CCA XAT ATA TCC G) 
 




5’-d(GGT AXA TAT AGG C)   
3’-d(CCA TAX ATA TCC G) 
 




5’-d(GGT ATA XAT AGG C)   
3’-d(CCA TAT AXA TCC G) 
 




5’-d(GGT ATA TAX AGG C)    
3’-d(CCA TAT ATA XCC G) 
 




5’-d(GGX AXA TAT AGG C)   
3’-d(CCA XAX ATA TCC G) 
 




5’-d(GGX ATA XAT AGG C)   
3’-d(CCA XAT AXA TCC G) 
 




5’-d(GGX ATA TAX AGG C)   
3’-d(CCA XAT ATA XCC G) 
 
-51 -50 -35 
 
aΔG  = ΔG293 (probe strand 1 : target strand 1) + ΔG293 (probe strand 2 : target strand 2) - ΔG293 (dsDNA target) - 
ΔG293 (Invader LNA). As a representative example, the thermodynamic driving force for recognition of dsDNA target 
ON1:ON2 by Invader LNA ON4:ON8 at medium salt concentration is calculated as: ΔG (ON4:ON8+ON1:ON2) = 
ΔG293 (ON4:ON2) + ΔG293 (ON1:ON8) – ΔG293 (ON1:ON2) - ΔG293 (ON4:ON8) = -65.8 kJ/mol + (-69.5 kJ/mol) - (-56.9 
kJ/mol) - (-59.6 kJ/mol) = -18.8 kJ/mol.
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Additional discussion of thermodynamic parameters.  
As expected, the stability of reference duplexes ON1:ON2 increases with higher salt 
concentration due to increased electrostatic screening of the negative charges from the 
backbones (entry 1, Table S2). The relative stability of duplexes between singly or doubly 
modified 2’-N-(pyren-1-yl)methyl-2’-amino-α-L-LNA and complementary DNA generally 
increased with decreasing ionic strengths (compare ΔTm and ΔΔG293 at different [Na+], entries 2-
15, Table S2). The increased thermal affinity toward DNA targets is, mostly and irrespectively of 
ionic strength, the result of less unfavorable entropic contributions, which are not fully 
counterbalanced by less favorable enthalpic contributions (compare ΔΔH and Δ(T293ΔS), entries 
2-15, Table S3). As previously discussed (S1,S2), this reflects the ability of the preorganized 2’-
amino-α-L-LNA building blocks to direct appended intercalators to the duplex core. Oddly, a 
non-linear trend was generally observed for ΔΔH and Δ(T293ΔS) as a function of ionic strength, 
e.g., enthalpic and entropic contributions were found to be most and least favorable in medium 
salt buffers, respectively (Table S3). Accordingly, the underlying reasons for the trends in 
ΔΔG293 are not immediately apparent from the corresponding ΔΔH and Δ(T293ΔS) values (Table 
S3).   
Single hotspot Invader LNA probes do not display a clear correlation between ΔTm-values and 
ionic strength, whereas ΔΔG293 values suggest a weak relative destabilization with increasing 
ionic strengths (compare ΔTm and ΔΔG293 at different [Na+], entries 1-4, Table S4). Hybridization 
data of double hotspot Invader LNA probes exhibit opposing trends, i.e., ΔΔG293 values increase 
(i.e., less stable) with increasing ionic strength, while smaller ΔTm-values (i.e., less stable) are 
observed with lower ionic strengths (entries 5-7, Table S4). As discussed in the main 
manuscript, this is a reflection of the substantial entropic contributions to hybridization observed 
for Invader LNA probes rendering ΔΔG-values highly temperature dependent (Table S5). There 
is no clear correlation between ΔΔH or Δ(T293ΔS) values and ionic strength for single hotspot 
Invader LNA probes (entries 1-4, Table S5). In contrast, entropic contributions are more 
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favorable with decreasing ionic strengths for double hotspot Invader LNA probes (and vice 
versa for enthalpic contributions, entries 5-7, Table S5)   
Accordingly, the ionic strength of the hybridization buffer influences the available free energy, 
ΔG , for recognition of dsDNA targets. Approximately 20-25 kJ/mol of free energy is 
available for recognition of dsDNA target ON1:ON2 by all single hotspot Invader LNA probes 
irrespective of the ionic strength (entries 1-4, Table S6). In contrast, significantly more free 
energy is available at lower ionic strengths for targeting of dsDNA targets by double hotspot 
Invader LNA probes (entries 5-7, Table S6). In conclusion, Invader LNA probes have 
pronounced dsDNA affinity in a variety of buffers, including those mimicking physiological 
conditions. 
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aTm-values were determined as the maximum of the first derivative of the melting curve (A260 vs T) recorded in 
medium salt buffer ([Na+] = 110 mM, [Cl-] = 100 mM, pH 7.0 (adjusted with NaH2PO4/Na2HPO4)), using 1.0 uM of 
each strands. ΔTm-values calculated relative to reference duplexes (ON1:RNA and RNA:ON2). 
  
ON ON sequence Tm (ºC) ΔTm (ºC) 
ON1 5’-d(GGT ATA  TAT AGG C) 
3’-r(CCA  UAU AUA UCC G) 
37.0 - 
ON2 5’-r(GGU AUA UAU AGG C) 
3’-d(CCA  TAT  ATA TCC  G) 
39.5 - 
ON3 5’-d(GGX ATA TAT AGG C) 
3’-r(CCA UAU AUA UCC G) 
37.5 +0.5 
ON4 5’-d(GGT AXA TAT AGG C) 
3’-r(CCA UAU AUA UCC G) 
41.5 +4.5 
ON5 5’-d(GGT ATA XAT AGG C) 
3’-r(CCA UAU AUA UCC G) 
41.0 +4.0 
ON6 5’-d(GGT ATA TAX AGG C) 
3’-r(CCA UAU AUA UCC G) 
40.0 +3.0 
ON7 5’-r(GGU AUA UAU AGG C) 
3’-d(CCA  XAT  ATA  TCC G) 
42.5 +3.0 
ON8 5’-r(GGU AUA UAU AGG C) 
3’-d(CCA  TAX  ATA  TCC G) 
45.0 +5.5 
ON9 5’-r(GGU AUA UAU AGG C) 
3’-d(CCA  TAT  AXA  TCC G) 
44.5 +5.0 
ON10 5’-r(GGU AUA UAU AGG C) 
3’-d(CCA  TAT  ATA  XCC G) 
45.5 +6.0 
ON11 5’-d(GGX AXA TAT AGG C) 
3’-r(CCA UAU AUA UCC G) 
44.0 +6.0 
ON12 5’-d(GGX ATA XAT AGG C) 
3’-r(CCA UAU AUA UCC G) 
48.0 +11.0 
ON13 5’-d(GGX ATA TAX AGG C) 
3’-r(CCA  UAU AUA UCC G) 
44.5 +7.5 
ON14 5’-r(GGU AUA UAU AGG C) 
3’-d(CCA  XAX  ATA  TCC G) 
49.0 +12.0 
ON15 5’-r(GGU AUA UAU AGG C) 
3’-d(CCA  XAT  AXA  TCC G) 
48.5 +11.5 
ON16 5’-r(GGU AUA UAU AGG C) 
3’-d(CCA  XAT  ATA  XCC G) 
49.5 +12.5 
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Table S8. Hybridization data for duplexes with selected interstrand zipper arrangements of X 





















a For conditions see Table S2. ΔTm-values 

































5’- d(GGT ATA TAT AGG C) 





5’- d(GGT ATA TAX AGG C) 





5’- d(GGT ATA XAT AGG C) 





5’- d(GGT ATA TAX AGG C) 





5’- d(GGX ATA TAT AGG C) 





5’- d(GGT AXA TAT AGG C) 





5’- d(GGT ATA XAT AGG C) 





5’- d(GGT ATA TAX AGG C) 





5’- d(GGT AXA TAT AGG C) 





5’- d(GGT ATA XAT AGG C) 





5’- d(GGT AXA TAT AGG C) 
3’- d(CCA TAT ATA XCC G) 
59.0 +21.5 
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Figure S2. Steady-state fluorescence emission spectra of Invader LNA probes ON6:ON10, 
ON11:ON14 and ON13:ON16, and the corresponding probe:target duplexes. Conditions: each 
strand at 1.0 μM concentration, [Na+] = 110 mM, pH 7.0, 20 ºC, λex = 340 nm (bottom) or 335 
nm (upper and middle). Notice different scales are used for the y-axes. 
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Figure S3. Fluorescence signal decay profiles at λem = 495 nm as a function of time upon 
addition of equimolar quantities of pre-annealed Invader LNA probes ON6:ON10, ON11:ON14 
or ON13:ON16 to pre-annealed isosequential dsDNA target ON1:ON2 (upper, middle and lower 
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Figure S4. Steady-state fluorescence emission spectra of duplexes between ON4 or ON8 and 
mismatched DNA targets. Sequences of ON17-ON26 are shown in Table S9. Conditions: each 
strand at 1.0 μM concentration, [Na+] = 110 mM, pH 7.0, 20 ºC, λex = 335 nm. 
 
Additional discussion regarding recognition of mismatched dsDNA targets by Invader 
LNA probe ON4:ON8.  
Duplexes between 2’-N-(pyren-1-yl)methyl-2’-amino-α-L-LNA and mismatched DNA targets only 
exhibit negligible signals at 495 nm (Fig. S4). Complete recognition of non-isosequential dsDNA 
targets by Invader LNA probe ON4:ON8 would therefore have resulted in complete 
disappearance of signal at λem = 495 nm (e.g., sum of ON17:ON8 and ON4:ON18), and it can 
therefore be concluded that Invader LNA probes exhibit good discrimination of non-
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Table S9. Hybridization data for duplexes between ON1 or ON2 and mismatched DNA targets.a 
 
Entry  ON  Sequence  Tm 
[ΔTm] 
1  ON17 
ON2 
 5’- d(GGA ATA TAT AGG C) 
3’- d(CCA TAT ATA TCC G) 
 27.0 
(-10.5) 
2  ON19 
ON2 
 5’- d(GGT ATC TAT AGG C) 
3’- d(CCA TAT ATA TCC G) 
 25.5 
(-12.0) 
3  ON21 
ON2 
 5’- d(GGT ATG TAT AGG C) 
3’- d(CCA TAT ATA TCC G) 
 31.0 
(-6.5) 
4  ON23 
ON2 
 5’- d(GGT ATT TAT AGG C) 
3’- d(CCA TAT ATA TCC G) 
 27.0 
(-10.5) 
5  ON25 
ON2 
 5’- d(GGT ATA TAA AGG C) 
3’- d(CCA TAT ATA TCC G) 
 24.0 
(-13.5) 
6  ON1 
ON18 
 5’- d(GGT ATA TAT AGG C) 
3’- d(CCT TAT ATA TCC G) 
 26.5 
(-12.0) 
7  ON1 
ON20 
 5’- d(GGT ATA TAT AGG C) 
3’- d(CCA TAG ATA TCC G) 
 30.0 
(-7.5) 
8  ON1 
ON22 
 5’- d(GGT ATA TAT AGG C) 
3’- d(CCA TAC ATA TCC G) 
 26.0 
(-11.5) 
9  ON1 
ON24 
 5’- d(GGT ATA TAT AGG C) 
3’- d(CCA TAA ATA TCC G) 
 24.5 
(-13.0) 
10  ON1 
ON26 
 5’- d(GGT ATA TAT AGG C) 




a Conditions as specified in Table S2. Underlined positions highlight position of mismatched base pairs. ΔTm = 
change in Tm value relative to fully matched ON1:ON2. 
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